Secretion of Bacterial Lipoproteins: Through the Cytoplasmic Membrane, the Periplasm and Beyond  by Zückert, Wolfram R.
Biochimica et Biophysica Acta 1843 (2014) 1509–1516
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r .com/ locate /bbamcrReviewSecretion of Bacterial Lipoproteins: Through the Cytoplasmic Membrane,
the Periplasm and Beyond☆Wolfram R. Zückert ⁎
University of Kansas School of Medicine, Department of Microbiology, Molecular Genetics and Immunology, Kansas City, KS, United States☆ This article is part of a Special Issue entitled: Prote
bacteria. Guest Editors: Anastassios Economou and Ross D
⁎ Mail Stop 3029, 3025 Wahl Hall West, 3901 Rainb
66160. Tel.: +1 913 588 7061; fax: +1 913 588 7295.
E-mail address: wzueckert@kumc.edu.
http://dx.doi.org/10.1016/j.bbamcr.2014.04.022
0167-4889/© 2014 Elsevier B.V. All rights reserved.a b s t r a c ta r t i c l e i n f oArticle history:
Received 5 March 2014
Received in revised form 16 April 2014
Accepted 18 April 2014
Available online 26 April 2014
Keywords:
Protein secretion
Lipoprotein
Postranslational modiﬁcation
Chaperone
Membrane protein
Bacterial envelopeBacterial lipoproteins are peripherally anchoredmembrane proteins that play a variety of roles in bacterial phys-
iology and virulence in monoderm (single membrane-enveloped, e.g., gram-positive) and diderm (double
membrane-enveloped, e.g., gram-negative) bacteria. After export of prolipoproteins through the cytoplasmic
membrane, which occurs predominantly but not exclusively via the general secretory or Sec pathway, the pro-
teins are lipid-modiﬁed at the cytoplasmic membrane in a multistep process that involves sequential modiﬁca-
tion of a cysteine residue and cleavage of the signal peptide by the signal II peptidase Lsp. In both monoderms
and diderms, signal peptide processing is preceded by acylation with a diacylglycerol through preprolipoprotein
diacylglycerol transferase (Lgt). In diderms but also some monoderms, lipoproteins are further modiﬁed with a
third acyl chain through lipoprotein N-acyl transferase (Lnt). Fully modiﬁed lipoproteins that are destined to
be anchored in the inner leaﬂet of the outer membrane (OM) are selected, transported and inserted by the Lol
(lipoprotein outer membrane localization) pathway machinery, which consists of the inner-membrane (IM)
ABC transporter-like LolCDE complex, the periplasmic LolA chaperone and the OM LolB lipoprotein receptor.
Retention of lipoproteins in the cytoplasmic membrane results from Lol avoidance signals that were originally
described as the “+2 rule”. Surface localization of lipoproteins in diderms is rare inmost bacteria, with the excep-
tion of several spirochetal species. Type 2 (T2SS) and type 5 (T5SS) secretion systems are involved in secretion of
speciﬁc surface lipoproteins of γ-proteobacteria. In themodel spirochete Borrelia burgdorferi, surface lipoprotein
secretion does not follow established sorting rules, but remains dependent on N-terminal peptide sequences.
Secretion through the outer membrane requires maintenance of lipoproteins in a translocation-competent
unfolded conformation, likely through interactionwith a periplasmic holding chaperone, which delivers the pro-
teins to an outer membrane lipoprotein ﬂippase. This article is part of a Special Issue entitled: Protein trafﬁcking
and secretion in bacteria. Guest Editors: Anastassios Economou and Ross Dalbey.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Since the description of the ﬁrst prokaryotic lipoprotein in the cell
envelope of Escherichia coli by Braun and colleagues over four decades
ago [1,2], this class of peripherally anchored membrane proteins has
been increasingly recognized to play important roles in basic bacterial
physiology such envelope stability, cell division, sporulation, conjuga-
tion, nutrient acquisition, signal transduction, transport and protein
folding, but also in bacterial pathogenic mechanisms such as adhesion,
colonization, invasion and persistence through immune evasion. Proper
localization of these lipoproteins is of utmost importance for their func-
tion and hinges on an efﬁcient lipoprotein modiﬁcation and transport
pathway and accurate lipoprotein sorting machinery. This review will
focus on cis and trans factors that help compartmentalize the bacterialin trafﬁcking and secretion in
albey.
ow Boulevard, Kansas City, KSlipoproteome according to individual lipoprotein function within
the bacterial envelope. Mechanistically, localization is relatively simple
in monoderm (or single membrane-enveloped) bacteria such as the
ﬁrmicutes, where only export through the cytoplasmic membrane and
acylation is required for proper and stable localization on the bacterial
surface. In diderm (or double membrane-enveloped) bacteria such as
the γ-proteobacteria, acylated and therefore partially hydrophobic pro-
teins destined for the outer membrane face a formidable hurdle in the
aqueous periplasmic space, which is overcome with the help of a
lipoprotein-speciﬁc chaperoned pathway. Surface localization of lipo-
proteins utilizes speciﬁc outer membrane porins and is rare in most
eubacterial species, with the exception of some spirochetes, where it
appears to be the norm.
2. Lipoprotein domain structure-function
All lipoproteins are translated in the cytoplasm as preprolipoprotein
precursors with several structural and functional domains that can
be recognized at the primary, secondary and tertiary structural level
Fig. 1. Lipoprotein domain structure. Lipoproteins are translated in the bacterial cytoplasm as preprolipoprotein precursors. AnN-terminal signal peptide (in green) targets the protein for
export of the protein through the cytoplasmic membrane. Diacylation at a conserved Cys residue (in red) is mediated by Lgt via the Cys sulfhydryl group. Lsp recognizes the lipobox
residues and cleaves the signal peptide. This makes the N-terminal amine group available for Lnt-mediated modiﬁcation with a third acyl chain, which completes the membrane anchor.
The N-terminus of the mature lipoprotein contains sorting signals (in blue) recognized by the Lol pathway in diderm bacteria. Generally, the N-terminus is also intrinsically disordered,
providing a ﬂexible “tether” (in yellow) for proper positioning and function in the bacterial envelope. The C-terminal portion of the polypeptide (in orange) assumes a fold speciﬁc for the
protein’s function. The structure of B. burgdorferi OspA (PDB Accession # 1osp) is used for illustrative purposes. See text for details.
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length and forms the signal (or leader) peptide [3]. In contrast to the sig-
nal peptides of secreted soluble proteins, the C-termini of lipoprotein
signal peptides contain a four-amino-acid motif called the “lipobox”
[4], which forms the molecular basis for several in silico algorithms
that are used to predict lipoprotein genes in bacterial genomes [5,6].
Maybe not surprisingly, the originally canonical lipobox sequence has
degenerated as more and more lipoproteins were identiﬁed, not in a
small part powered by the exponential increase in sequenced bacterial
genomes and the associated proteomic analyses. So are lipobox se-
quences a bit more degenerate in spirochetes than in gram-positive
and -negative bacteria [6] (Fig. 1). Today, the only conserved residue
within the motif remains a cysteine that will become the target of
acylation and the newN-terminal amino acid of themature lipoprotein,
i.e., the residue at position +1. In silico predictions as well as structural
information on a number of lipoproteins indicate that the residues
following the +1 cysteine lack any predicted or observed secondary
structure. This indicates that this second domain is intrinsically disor-
dered and forms a “tether” that links the lipid anchor to the third do-
main, which folds into a tertiary and sometimes quaternary structure
and executes the protein-speciﬁc functions (Fig. 1). Tether lengths
can vary quite dramatically from lipoprotein to lipoprotein [7]. As
extreme examples, the crystal structure of Braun’s lipoprotein Lpp
does not reveal any signiﬁcant N-terminal disorder [8], while the
Borrelia burgdorferi surface lipoprotein BBA66 has stretch of about 170
disordered N-terminal amino acids [9]. As discussed in more detail
below, the tether peptides contain lipoprotein sorting information, but
they are also thought – by means of their extension – to properly posi-
tion lipoproteins for optimal function within the at times complex bac-
terial envelope architecture [10].
3. Lipoprotein modiﬁcation
Preprolipoproteins generally cross the cytoplasmic membrane as
unfolded proteins via the general secretory (Sec) pathway with the
help of YidC [11], but can also cross in an already folded conformation
via the twin-arginine translocation (TAT) pathway [12–16] or with the
help of a SecA variant [17] (see Fig. 2 for an overall model of lipoprotein
secretion; also see other chapters in this issue). Upon this translocation
event, preprolipoproteins are targeted for a two- or three-step posttrans-
lationalmodiﬁcation by three essential enzymes that are associatedwiththe cytoplasmicmembrane. Multiple paralogs can be found in some bac-
teria [18], but their functions remain to be determined.
3.1. Lipoprotein diacylglyceryl transferase Lgt
Preprolipoprotein diacylglyceryl transferase (Lgt) serves as the
committing enzyme and was shown in vitro to catalyze the attach-
ment of a negatively charged diacylglycerol moiety, particularly
phosphatidylglycerol, to the thiol group of the conserved +1 position
cysteine via a thioester bond [19]. The same experiments also showed
that recognition of the signal peptide alone is sufﬁcient for the reaction
to occur. Structure-function information on Lgt is limited. Based on in
silico predictions and C-terminal tagging with localization-sensitive re-
porters PhoA (periplasmic activity only) and GFP (cytoplasmic ﬂuores-
cence only), Escherichia coli Lgt is a multipass integral protein with ﬁve
transmembrane (TM) helices and a C terminus that is exposed to the
cytoplasm [20].Mutation of a conserved histidine residue (His103)with-
in the predicted TM helix 3 inactivated the enzyme. Mutations of two
additional residues, Tyr235 in the predicted TM helix 4 and His196 in a
predicted large cytoplasmic loop, also affected activity [21,22]. Pending
the complete conﬁrmation of Lgt topology, this suggests that the ﬁrst
step of lipoprotein modiﬁcation may occur within the cytoplasmic
membrane or at its interface with the cytoplasm. Somewhat puzzling
has been the ﬁnding that recombinant Lgt retained full speciﬁc activity
in an aqueous environment [23].
3.2. Signal peptidase II Lsp
In the next posttranslational modiﬁcation step, the (partially) acylat-
ed prolipoproteins are cleaved by lipoprotein signal peptidase (Lsp), also
known as signal peptidase II (SPase II) to distinguish it from signal pepti-
dase I that processes non-lipidated exported proteins. Cleavage of the
prolipoprotein occurs N terminally of the +1 position cysteine residue,
i.e., within the lipobox [24]. Early topology experiments using fusions of
Lsp fragments to PhoAand LacZ (cytoplasmic activity only) reporters pro-
duced amodelwith 4 TMhelices that has remained unchallenged in later
experiments and predictions [20,25]. In the Bacillus subtilis Lsp, ﬁve con-
served residueswithin conserveddomains (Asn99, Asp102, Asn126, Ala128
and Asp129) were shown to be functionally important, with residues
Asp102 and Asp129 most likely involved in catalysis [26]. The positioning
of the latter two residues at both ends of an extracytoplasmic loop
Fig. 2.Modular model of lipoprotein secretion pathways in monoderm and diderm bacteria. Lipoprotein secretion is mediated by a sequence of pathway modules. (1) The ﬁrst module
exports lipoprotein precursors through the cytoplasmic or innermembrane via the Sec or TATpathways. (2) The secondmodule processes theN-terminus of the proteins to yield amature
lipidated protein; in monoderm bacteria, the last modiﬁcation step is dispensable, as indicated by a vertical dashed line. In diderm bacteria, IM lipoproteins like E. coli Nlp are retained by
failure to interact with downstream pathways. (3) In diderm bacteria, OM lipoproteins can subsequently interact with threemodules: (a) the Lol periplasmic sorting module uses the en-
ergy from ATP hydrolysis to release lipoproteins like E. coli Lpp from the IM, provides a carrier chaperone for transport through the periplasm and an OMmembrane receptor for insertion
into the inner leaﬂet of the OM. Lpp also assumes an integral membrane protein conformation leading to surface exposure of its C terminus. (b) The T2SS module uses assembly of a
pseudopilus on a periplasmic platform to drive secretion of a speciﬁc surface lipoprotein such as K. oxytoca PulA through an OM pore. (c) The T5SS module involves the BAM complex
in theOMand the integralmembrane protein chaperones Skp, SurA andDegP aswell to facilitate OM insertion and pore formation ofNalP’s translocator domain (T) and subsequent trans-
location of its N-terminal passenger domain (P) through the OM. N. gonorrhoeae NalP is released from the cell by autolytic cleavage. (d) A proposed module mediates complete surface
localization of spirochetal lipoproteins such as B. burgdorferiOspAby interactionwith a holding chaperone and an outermembrane lipoprotein ﬂippase complex. Any speciﬁc involvement
of the Lol pathway remains to be resolved. See text for details.
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toplasmic membrane with the cell wall or periplasm. Of experimental
interest is the function of globomycin as a noncompetitive inhibitor of
Lsp function [27], which can be exploited to help establish posttransla-
tional modiﬁcation of a suspected lipoprotein.
3.3. N-acyl transferase Lnt
A third posttranslational modiﬁcation step occurs in diderms and
some monoderms (high-GC gram-positive and mycobacteria; [28,29]
and is catalyzed by lipoprotein NN-acyl transferase (Lnt). Lnt attaches
an acyl group to the now available amino group of the +1 cysteine
via an amide linkage. The studied E. coli enzyme is rather promiscuous
in its incorporation of phospholipids [30–32], and the amide-linked
acyl chain of a lipoprotein may thus reﬂect availability of a membrane
phospholipid in a particular bacterium and niche [33]. A topology
study using E. coli Lnt fusions to LacZ and PhoA indicated seven TM he-
lices and a large extracytoplasmic loop that assumes a CN hydrolase
family fold and contains all conserved residues crucial for enzyme activ-
ity: the catalytic site residues (a typical triad of Glu267-Lys335-Cys387),
the hydrophobic pocket (Tyr388, Glu389) and two residues involved in
binding/release of the apolipoprotein and/or the phospholipid (Trp237,
Glu343) [28,34].
3.4. Additional biological roles of lipoprotein signal peptides
In this context, the fate of the signal peptide that is cleaved from the
maturing lipoprotein by Lsp deserves some attention. Lipoprotein signal
peptides are commonly thought to be discarded and their amino acids
recycled for the synthesis of new proteins. Yet, some lipoprotein signal
peptides have a quite intriguing “afterlife”. As one instructive example
in the monoderm pathogen Enterococcus faecalis, the signal peptide oflipoprotein CcfA is further processed by Eep. Eep is a predicted
metalloprotease that cleaves its substrates by regulated intramembrane
proteolysis. In concert with a still unknown carboxy exopeptidase, Eep
trims the CcfA signal peptide to an 8-amino-acid peptide, cCF10,
which serves as a pheromone regulating horizontal gene transfer by
conjugation [35–37]. Additional pheromone peptides are produced
from other enterococcal signal peptides, and similar processing has
been shown in a related streptococcal species [38]. Interestingly, cCF10
is titrated from the system by the cytoplasmic membrane-bound prote-
ase PrgY [37], whose homologs can be found in many bacteria as well
as higher organisms [39,40].
4. Rules and pathways of lipoprotein sorting within the periplasm
4.1. Lipoprotein sorting and the evolution of the “+2” rule
How diderm bacteria localize lipoproteins such as the major E. coli
envelope component Lpp to their outer membrane long remained a
mystery. Insight into the cis sorting determinants was ﬁrst provided
by fusions of N-terminal peptides of E. coli Lpp and cytoplasmic mem-
brane lipoprotein NlpA to a β-lactamase reporter. Reporter fusions to
the wild type (w.t.) N-terminal lipopeptides behaved like the w.t. lipo-
proteins, showing that the lipoproteins’ N-termini were sufﬁcient for
proper localization, i.e., contained the in cis sorting information [41,
42]. In amore detailed and targeted analysis, swapping the residues im-
mediately following the N-terminal cysteine between NlpA (Asp+2)
and Lpp (Ser+2) resulted in mislocalization of the respective mutants
to the opposite periplasmic leaﬂet [42]. These seminal experiments
gave rise to the formulation of the “+2 rule” for lipoprotein localization,
where Asp+2 predicts localization to the cytoplasmic membrane, but
any other residue stipulates localization to the outer membrane. Subse-
quent studies conﬁrmed the +2 rule as a guiding principle, but also
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idues at position+3were found to lower the stringency of cytoplasmic
membrane retention by an Asp+2 signal [43]. A systematic study using
themaltose binding proteinMalE as a localization reporter showed that
Phe, Trp, Tyr, Gly andPro also could serve as+2 innermembrane reten-
tion signals when next to an Asn at position +3 [44]; yet, none of the
E. coli lipoproteins naturally employ these 5 residues at position +2.
The E. coli-derived sorting rules held true for several Enterobacteriaceae
such as Salmonella enterica serovar Typhimurium, Shigella ﬂexneri,
Yersinia pseudotuberculosis, Erwinia carotovora, and Klebsiella oxitoca
[45], but didn’t fully extend to other γ-proteobacteria. Studies in Pseu-
domonas aeruginosa showed that an artiﬁcially introduced Asp+2
could function as IM retention signal, but that residues at position 3
and 4 were innately responsible for retention of lipoprotein MexA
(Gly+2Lys+3Ser+4) in the cytoplasmic membrane [46].
4.2. The Lol pathway
4.2.1. The periplasmic chaperone LolA and outer membrane lipoprotein
receptor LolB
The related challengewas to conceptualize the crossing of a lipidated,
i.e., partially hydrophobic protein through the hydrophilic gel-like peri-
plasmic space. One model bypassed this aqueous barrier altogether by
directly transferring lipoproteins from the cytoplasmic membrane to
the outer membrane via the localized fusion of their periplasmic leaﬂets
(a.k.a. “zones of adhesion” or “Bayer’s junctions”; [47,48]. Yet, the inter-
pretation and functional relevance of these electronmicroscopic observa-
tions remained controversial [49]. The puzzle was ﬁnally solved with the
identiﬁcation and characterization of the lipoprotein outermembrane lo-
calization (Lol) pathway by Tokuda and colleagues. The ﬁrst identiﬁed
component of this pathwaywas the lipoprotein-speciﬁc periplasmic car-
rier protein LolA, which released Lpp and several other known OM lipo-
proteins (Pal, Bam, Slp and RlpA), but not IM lipoproteins (AcrA and
NlpA), from E. coli spheroplasts, forming complexeswith a 1:1 stoichiom-
etry [50]. A conditional lolA knockout strain accumulatedOM lipoproteins
in the inner membrane under depleting conditions and was non-viable
under non-permissive conditions [51], conﬁrming LolA’s in vivo role as
an essential factor in periplasmic lipoprotein transport and cell growth.
Like for LolA, puriﬁcation and in vitro reconstitution of the pathway
was key in identifying the OM lipoprotein LolB as the downstream OM
lipoprotein receptor. LolA-lipoprotein complexes incubated with LolB-
containing proteoliposomes showed speciﬁc transfer of lipoproteins to
from the soluble to the membrane fraction [52]. In accordance with
these in vitro results, deletion of lolB caused in vivo accumulation of lipo-
proteins in a complexwith LolA aswell as in the cytoplasmicmembrane
of E. coli [53].
The functional similarity of LolA and LolB in their interaction with
lipoproteins ﬁrst became apparent when a non-acylated soluble LolB
derivativewas shown to form lipoprotein complexes thatwere identical
to those with LolA [52]. X-ray crystallography revealed a high degree of
structural homology despite a low degree of primary sequence identity.
Both LolA and LolB fold into an incomplete β-barrel consisting of 11 an-
tiparallel β-strands with a lid of 3α-helices [54], which together form a
hydrophobic cavity that provides a potential binding site for lipoprotein
acyl chains. The periplasmic and thus energy-independent one-way
transfer of lipoproteins from LolA to LolB is facilitated by four differ-
ences between the two proteins. (i) Compared to aromatic residues in
LolA, the hydrophobic cavity of LolB is lined by more ﬂexible Leu and
Ile residues [54]. (ii) LolA has an extra C-terminal loop domain with a
short α-helix and extra β-strand, which blocks the carrier protein’s in-
teraction with phospholipids and therefore prevents retrograde trans-
fer of lipoproteins to the cytoplasmic membrane lipid bilayer [55].
(iii) Access to the hydrophobic cavity in LolA is more restricted by hy-
drogen bonding of an Arg residue in the second β-sheet with several
α-helical lid residues. This intramolecular clasp allows for the LolA lid
to open and close reversibly [56]. If this restriction is eased by mutationof the Arg residue in a LolAR43L mutant, LolA is no longer able to efﬁ-
ciently transfer lipoproteins to LolB [57,58]. Conversely, locking the
LolA lid in a closed conformation via a disulﬁde bond in a LolAI93C lid
residue cysteine substitution mutant is toxic, causes envelope stress
and activates the Cpx two-component system [59,60]. (iv) LolB has a
protruding internal loop that was shown by site-directed mutagenesis
to be involved in anchoring lipoproteins in the OM [61].
No co-crystals of LolA or LolB with lipoproteins have been obtained
so far, so there currently are two competing hypotheses for the interac-
tion of the lipoprotein acyl chainswith LolA/B, both indirectly supported
by experimental data [62]. On one hand, the hydrophobic cavity of one
of the two obtained LolB crystal contained a polyethylene glycol methyl
ethermolecule, which roughly corresponds in its dimensions to a single
acyl chain [54]. This would indicate that only one of the three chains is
bound internally, while the other two chains would have to interact
with the proteins via surface hydrophobic patches, as proposed for the
P. aeruginosa LolA [63]. On the other hand, a structural LolA/B homolog,
the Mycobacterium tuberculosis LprG lipoprotein, was shown to bind
three acyl chains in a hydrophobic cavity of about the same volume as
that of LolA in its open conformation [64]. This would indicate that all
three chains could be accommodated. A unifying postulate for both in-
ferences would be that the LolA/B fold is somewhat ﬂexible which
would allow the proteins to wrap around presenting hydrophobic mol-
ecules within a certain dimensional range. Interestingly, LolB homologs
are only found in β- and γ-proteobacteria [62], which beg the question
whether LolA plays a broader role in LolB-deﬁcient systems. Support for
such expanded functionality comes from a study demonstrating that
the non-acylated soluble LolB variant was able to compensate for loss
of wild type LolB, albeit at reduced efﬁciency [65].
4.2.2. The inner membrane ABC transporter-like LolCDE complex
The availability of a conditional LolA knockout allowed for the trap-
ping of OM lipoproteins in the innermembrane and identiﬁcation of the
lipoprotein release complex using puriﬁcation and reconstitution of
the pathway in a spheroplast/proteoliposome release assay. The ABC
transporter-like complex was shown to consist of LolC, LolD and LolE
subunits in a 1:2:1 stoichiometry [66–68]. LolC and LolE are structurally
related integral membrane proteins with four TM-spanning helices and
one large periplasmic loop [69], while LolD serves as the nucleotide-
binding subunit with an ABC transporter signature as well as Walker A
and B motifs. In vitro and in vivo experiments demonstrated that inter-
action of lipoproteins with the LolCDE complex depended on full
triacylation of lipoproteins by Lnt. OM lipoprotein Pal in its apolipopro-
tein formwith anN-terminal, diacylated cysteinewas not released from
proteoliposomes even in the presence of LolCDE and LolA [70], while a
temperature-sensitive S. enterica Lnt mutant [71] and a conditional
E. coli Lnt knockout mutant [34] accumulated apolipoproteins in the
IM at nonpermissive temperatures or non-inducing conditions, respec-
tively. Lnt was only dispensable in the absence of a functional version of
the major lipoprotein Lpp and overexpression of LolCDE [72].
Especially recent studies using site-speciﬁc photocrosslinking have
provided more and quite detailed insight into the sequence of events
at the inner membrane, but also the modalities of lipoprotein transfer
in theperiplasmand at the outermembrane. In aﬁrst step, LolE captures
an OM lipoprotein from the inner membrane [73]. The precise mecha-
nism remains to be determined, but it involves LolE’s periplasmic
loop, which may fold into a hydrophobic domain similar to the hydro-
phobic cavities found in LolA/B. This committing step in periplasmic li-
poprotein transport leads to allosteric structural changes that trickle
down to LolD and increase its afﬁnity for ATP [66]. At the same time,
LolC procures an empty LolA carrier molecule [74]. In a second step,
ATP binding to LolD weakens the hydrophobic interaction of LolE with
the OM lipoprotein [73]. In the third and ﬁnal step at the IM, ATP hydro-
lysis leads to the transfer of the lipoprotein to LolA and the release of the
lipoprotein:LolA complex into the periplasm, where it is captured at the
OM by LolB [74]. The spatial arrangements of the crosslinked residues
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and from LolA to LolB, where the openings of the hydrophobic cavities
are in close proximity during the transfer of the acyl chains [73,74]. Of
note, the N-termini of lipoproteins with an Asp+2 residue appear to
simply avoid interactionwith the LolCDE sortase complex due to a com-
peting interaction of the negatively charged Asp with phosphatidyleth-
anolamine in the IM [75,76].
5. Secretion through the outer membrane: Rare in most, but
common in few
Lipoproteins that are secreted through the outer membrane and
localize to the bacterial surface are rare in most diderm bacterial
genera. Some examples of lipid-modiﬁed surface-associated proteins in
diderm pathogens are Klebsiella oxytoca pullulanase PulA [77], Neisseria
gonorrhoeae iron-scavenging proteins LbpB and TbpB [78–80] or
peptidyl-prolyl cis/trans isomeraseNg-MIP [81], Porphyromonas gingivalis
hemin-binding protein IhtB [82], Vibrio cholerae lipid-scavenging phos-
pholipase VolA [83], Neisseria meningitidis surface protease NalP [84,85],
Bordetella pertussismaturation subtilisin SphB1 [86], Campylobacter jejuni
adhesin JlpA, which interestingly has a “catcher’s mitt”-like structure
similar to LolB [87,88], or several Capnocytophaga canimorsus surface lipo-
proteins associated with glycan foraging systems [89]. In the model or-
ganism E. coli, only four of the about 90 lipoproteins [90,91] have been
demonstrated to be at least partially surface exposed [92–95]. In contrast,
about two thirds of the over 120 lipoproteins expressed by the spirochetal
pathogenBorrelia burgdorferi localize to the surface (S. Chen, A.S. Dowdell,
M.D. Murphy, C.B. Azodi and W.R. Zückert, unpublished), among them
OspA and OspC, which are essential for bacterial persistence in the
disease-transmitting Ixodes tick or subsequent infection of themammali-
an reservoir host (reviewed in [10] and [96]). Few of the surface lipopro-
tein secretion mechanisms have been studied in detail. Instructive
examples are K. oxytoca PulA, N. meningitidis NalP, B. burgdorferi OspA
and OspC, and maybe surprisingly, E. coli Lpp.
5.1. Klebsiella oxytoca PulA
The 116 kDa amylolytic enzyme PulA is secreted by the Pul secreton,
the terminal branch of a prototypical T2SS consisting of a multi-protein
complex that is conserved among bacteria, spans the entire diderm en-
velope [97] and is discussed in detail elsewhere in this issue. Current
experimental data support a model where PulA already folds at the IM
to form and display a T2SS signal “patch” from at least three discontin-
uous secretion determinants, although formation of an identiﬁed stabi-
lizing disulﬁde bond appears dispensable for proper secretion [98–101];
in the absence of a functional T2SS machinery, PulA’s Asp+2 residue
functions as IM retention/Lol avoidance signal [102]. ATP hydrolysis by
the PulE ATPase is then thought to lead to assembly of PulG pseudopilin
ﬁbers on a periplasmic IM-anchored assembly platform, which is push-
ing the folded PulA protein from the periplasm through an OM pore
formed by a dodecamer of PulD secretin subunits [103–105]. Intriguing-
ly, proper localization and stability of PulD are dependent on interaction
with its cognate chaperone, the pilotin PulS, which in turn is a lipopro-
tein and itself interacts with its chaperone LolA on the way from the IM
to the OM [106–110]. This suggests that single PulD subunits traverse
the periplasm in a complex with PulS and LolA before assembling into
a pore in the OM in an apparently BAM-independent manner [111].
Although it is clear that at least the functional enzymatic domain of
PulA localizes to the bacterial surface and can be released into themilieu
in lipidated form as part of membrane vesicles or micelles [112], the
molecular events allowing PulA to disengage from the IM and to tra-
verse the OM remain to be deﬁned. In constrast to other secretins, the
N-terminal domain of PulD appears not involved in recognition of its
speciﬁc substrate [113]. Whether PulA is ultimately anchored in the
periplasmic or apical OM leaﬂet, i.e., assumes an “in-out” or an “out-
out” lipoprotein topology [114], its full release from the PulD channelinto the membrane would likely require a lateral opening for which
there is currently no experimental evidence [115].
5.2. Neisseria meningitidis NalP
N. meningitidis NalP, like B. pertussis SphB1, is a lipoprotein with the
C-terminal translocator and an N-terminal passenger domain structure
of an “autotransporter” (AT), which accordingly is secreted by the T5SS
pathway [84] (see other articles in this edition). NalP is responsible for
the release of several surface-exposed immunogenic proteins from the
bacterial surface, including the N. meningitidis LbpB homolog [116],
while it is itself released from the bacterial envelope after further
N-terminal processing [84]. Recent studies expressing a non-lipidated
mutant showed that lipidation is not required for NalP biogenesis and
secretion. However, the non-lipidated protein was much less efﬁcient
in cleaving its target proteins and also underwent more rapid autocata-
lytic processing [85]. Thus, the lipid moiety delays the release of NalP
from the bacterial surface, which in turn optimizes the cleavage of
its target proteins. The C-terminal translocator domain forms a
12-stranded β-barrel with a narrow hydrophilic pore containing an
N-terminal α-helix [117]. The orientation of this α-helix – with its
N-terminus facing the extracellular space – suggests that the NalP
N-terminal passenger domain is entirely surface-localized, i.e., that the
lipid anchor is inserted in the surface leaﬂet of the neisserial OM, but
speciﬁc anchor topology information is not available.
5.3. Escherichia coli Lpp
E. coli Lpp was long known to exist in two conformations: the
“bound” form and the “free” form. The “bound” form was shown to be
tethered to the OM via its N-terminal lipid moiety and covalently
attached to the peptidoglycan cell wall by the ε-amino group of its
C-terminal Lys58 residue, thereby stabilizing the bacterial envelope
[118,119]. The “free” form had been harder to pin down, until Cowles
and colleagues demonstrated that it assumed an integral OMprotein to-
pology, with the protein’s C terminus exposed to the cell surface [95].
Interestingly, BamC (a.k.a. NlpB), one of the lipoproteins associated
with the OM β-barrel assembly machinery (BAM) complex [120,121],
was subsequently shown to assume a similar “N-in/C-out” topology
[122]. How Lpp switches between the two vastly different conforma-
tions remains unknown. As demonstrated for T5SS “autotransporter”
proteins [123], peptide insertion into the OM is unlikely to be spontane-
ous andmay depend on a yet cryptic activity of the BAM complex [124].
5.4. Borrelia burgdorferi OspA and OspC
Our ownwork has focused on lipoprotein secretion in the spirochet-
almodel organism Borrelia burgdorferi. Although Borrelia are occasional-
ly described as a gram-negative bacteria due to their Gram stain
properties and diderm envelope, a closer examination reveals signiﬁ-
cant differences in composition and architecture, such as the lack of li-
popolysaccharide in the OM or the presence of periplasmic ﬂagella
(reviewed in [125]). A unique envelope feature of Borrelia is the preva-
lence ofmajor immunodominant and serotype-deﬁning lipoproteins on
the bacterial surface. It is therefore not surprising that surface lipopro-
teins mediate the majority of the known interactions of Borrelia spiro-
chetes with their tick vectors and mammalian hosts and are therefore
considered major virulence factors and attractive vaccine targets.
Using the monomeric OspA and dimeric OspC as two model surface li-
poproteins and the monomeric red ﬂuorescent protein derivative
mRFPΔ4 as a faithful localization reporter, we ﬁrst demonstrated that
sorting determinants of Borrelia surface lipoproteins localized within
the N-terminal disordered tether peptides, but that variations of the
“+2/+3/+4” lipoprotein sorting rule identiﬁed for periplasmic lipopro-
teins in other eubacteria did not apply [7,126–128]. Surface lipoprotein
tether mutants were predominantly mislocalized to the periplasmic
1514 W.R. Zückert / Biochimica et Biophysica Acta 1843 (2014) 1509–1516leaﬂet of the OM [7,126–128]. Further studies indicated that this
mislocalization was due to premature folding, and that secretion of
lipoproteins through the OM required themaintenance of the substrates
in an at least partially unfolded, translocation-competent state [7,129].
Accordingly, OspC appeared to traverse the periplasm asmonomer to as-
sume its ﬁnal quaternary fold only after reaching the cell exterior [128].
Intriguingly, translocation through the OM could be initiated by muta-
tional or conditional unfolding of a lipoprotein’s C-terminus, indicating
a transient anchoring of surface lipoproteins in the periplasmic OM leaf-
let and N to C terminus directionality of translocation through the OM.
Yet, this process appeared to be independent of primary C-terminal
amino acid sequence [7,114,129]. This led us to hypothesize a periplas-
mic mechanism in which the various surface-targeted pro-lipoprotein
peptides interact with a periplasmic “holding” chaperone, as they
emerge tether-ﬁrst from the IM Sec complex on the periplasmic side of
the IM. Such a mechanism may be analogous to the “high afﬁnity, low
speciﬁcity” interaction of the proteobacterial chaperone SecB with the
diverse peptides released from the ribosome [130–133]. In the model,
the holding chaperone then delivers surface lipoproteins to an OM lipo-
protein “ﬂippase” complex, which facilitates translocation through the
OM and leads to the ultimate anchoring of surface lipoproteins in the
surface leaﬂet of the OM [7,114,129]. In agreement with this model,
depletion of a BamA homolog reduced the amount of B. burgdorferi OM
proteins, including lipoproteins [134].
Any involvement of the Borrelia Lol pathway homologs in surface
lipoprotein secretion remains to be determined. Preliminary data so
far have been instructive but inconclusive. Like other bacteria outside
the β- and γ-proteobacteria branches, Borrelia lack a LolB homolog
[135]. Conditional overexpression of a B. burgdorferi LolDG41D ATPase
Walker Amotifmutant using a hybrid tetracycline-responsive promoter
[136] led to a signiﬁcant B. burgdorferi growth defect, most likely due to
a dominant negative effect on the function of the LolCDE complex in
releasing OM lipoproteins from the IM. Yet, there was no detectable
reduction in surface lipoprotein localization. At the same time, the
B. burgdorferi homolog of the periplasmic LolA lipoprotein chaperone
was unable to complement an E. coli mutant, but appeared to interact
selectively with lipoproteins (K.O. Bridges, S. Chen, J.L. Kueker, J. Liu &
W.R. Zückert, unpublished). Current studies focus on trapping lipopro-
tein secretion intermediates, in part through the generation of condi-
tional knockouts in lolA and other pathway candidate genes.
6. Conclusions
Over the last decade, our understanding of lipoprotein secretion in
bacteria has signiﬁcantly deepened, as the molecular mechanisms of li-
poprotein modiﬁcation and sorting were identiﬁed and novel tools
allowed us to discover details of protein-protein interactions during the
associated molecular events. However, our horizons also have been
broadened by numerous studies that used a variety of experimental sys-
tems and approaches. New paradigms in proteins secretion emerged and
existingmodels had to bemodiﬁed or retired. As such, the current overall
picture of lipoprotein secretion is a puzzle of a mosaic where several
pieces remain to be placed or are missing altogether. The assumption
that canonical secretion pathways, sorting rules or structure–function re-
lationships can be dogmatically deduced from a small and rather limited
number of established model systems is tempting in the interest of sim-
pliﬁcation. At the same time, such an approach is fraughtwith pitfalls and
simply doesn’t do justice to the broad diversity of the bacterial world. As
we continue following the paths of lipoprotein secretion and venture
deeper and farther into the bacterial envelope, we would be wise to
heed the past and to continue expecting the unexpected.
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